Human Type I (insulin-dependent) diabetes mellitus results from T cell-mediated, autoimmune destruction of pancreatic beta cells [1±6]. Rodent models with a spontaneous development of Type I diabetes share many of the features of human Type I diabetes [7] and have therefore helped clarify aetiological and pathophysiological aspects of autoimmune diabetes [2, 8, 9] . But none of these models represents all aspects of the human disease [2, 9, 10] . Diabetes in the Biobreeding (BB) rat [2, 3, 10] is characterised by a genetically determined constitutive lymphopenia with absence of the RT6.1 subset of peripheral T cells [11, 12] . In the non-obese diabetic (NOD) mouse, female mice predominantly show overt diabetes, while mice of both sexes show insulitis with infiltration of the pancreatic islets [8, 13, 14] .
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Abstract Aims/hypothesis. We describe a new Type I (insulindependent) diabetes mellitus rat model (LEW.1AR1/ Ztm-iddm) which arose through a spontaneous mutation in a congenic Lewis rat strain with a defined MHC haplotype (RT1.A a B/D u C u ). Methods. The development of diabetes was characterised using biochemical, immunological and morphological methods. Results. Diabetes appeared in the rats with an incidence of 20 % without major sex preference at 58 2 days. The disease was characterised by hyperglycaemia, glycosuria, ketonuria and polyuria. In peripheral blood, the proportion of T lymphocytes was in the normal range expressing the RT6.1 differentiation antigen. Islets were heavily infiltrated with B and T lymphocytes, macrophages and NK cells with beta cells rapidly destroyed through apoptosis in areas of insulitis. Conclusion/interpretation. This Type I diabetic rat develops a spontaneous insulin-dependent autoimmune diabetes through beta cell apoptosis. It could prove to be a valuable new animal model for clarifying the mechanisms involved in the development of autoimmune diabetes. [Diabetologia (2001) [16] . All strains in our facility are regularly submitted to a genetic monitoring programme in order to exclude the possibility of genetic contamination and to verify the authenticity of the strains [17] . The diabetic syndrome became apparent in the colony during breeding in a barrier sustained facility. Since the discovery of the mutation in Fx + 13 of the LEW.1AR1 strain, the mutation has been maintained as a separate strain, originating from a single breeding cage (no. 17) in a separate, minimal, barrier sustained facility which is regularly monitored for murine pathogens according to the GV-SOLAS recommendations [18] . The rats were typed for, and shown to be antibody free from, Hanta, Kilham rat, PVM, Reo 3, Sendai, SDA, rat corona, Theiler's encephalomyelitis, and Toolan's (H1) viruses. The colony is maintained through mating of phenotypically inapparent i. e. non-diabetic female and diabetic (blood glucose 10±20 mmol/l) male LEW.1AR1/Ztm-iddm rats. All rats, both healthy and diabetic, were kept under identical conditions in groups under a 12:12 h light-dark cycle in type III Macrolon cages with free access to a sterilised standard laboratory chow (diet No. 1324, Altromin, Lippe, Germany) and water. We used both diabetic and nondiabetic LEW.1AR1-iddm rats of either sex as well as non-diabetic LEW.1AR1 genetic background control rats in this study. Continuous monitoring of the progenitor colony, LEW.1AR1, over a period of at least six generations showed that none of the descendants ever developed diabetes.
Blood and tissues. The glucose concentration in blood from the tail vein was determined with the glucose oxidase method using the Glucometer Elite (Bayer, Leverkusen, Germany). Glucose and ketone bodies in the urine were also measured enzymatically. Serum insulin was determined by a rat insulin microplate ELISA (Mercodia, Upsala, Sweden) using rat insulin as a standard. On the day when rats were killed, blood was collected as well as tissue samples for a histological examination of pancreas and other organs.
Autoantibodies. Autoantibodies to glutamate decarboxylase (GAD65) and protein-tyrosine-phosphatase (IA2) (cytoplasmic domain) were measured by radioimmunoassay and autoantibodies to cytoplasmic islet cell antibodies (ICAs) by direct immunofluorescence detection [19] .
Flow cytometry. To determine the different lymphocyte subpopulations in peripheral blood cells, FACS analyses were done using the following labelled monoclonal antibodies: FITC anti rat CD45RA, FITC anti rat NKR-P1A, PE anti rat CD8 a, FITC anti rat CD4, PE anti rat CD3, FITC anti rat ab TcR (PharMingen, Hamburg, Germany), FITC anti rat RT6.1 (kindly provided by Dr. K. Wonigeit, Hannover, Germany). In a FACS tube erythrocytes from 70 ml blood were lysed 2±3 times in 2 ml lysis buffer (160 mmol NH 4 , 0.1 mmol EDTA, 12 mmol NaHCO 3 ) and centrifuged (200´g) for 3 min each. Thereafter the cell pellet was washed twice with FACS buffer (phosphate buffered saline, 0.03 % sodium azide, 0.1 % bovine serum albumin) and centrifuged again. The pellet was resuspended in 20 ml pre-diluted antibody solution and incubated for 20 min at room temperature. After washing the cells twice with 2 ml FACS buffer the cell pellet was resuspended in 200 ml FACS buffer and measured in a flow cytometer (Model FACSCalibur, Becton Dickinson, Franklin Lakes, N. J., USA) [20] .
Morphology. For light microscopy, tissue specimens were fixed in Bouin's solution or rapidly frozen in liquid nitrogen [21] . Fixed tissue was embedded in paraffin and frozen tissue stored at ± 70 C for cryostat histology. For electron microscopy, small pancreatic tissue specimens were fixed in 2 % para-formaldehyde and 2 % glutaraldehyde in 0.1 mol/l cacodylate buffer, pH 7.3, postfixed in 1 % OsO 4 and finally embedded in Epon. Thin sections were contrast-stained with saturated solutions of lead citrate and uranyl acetate and viewed in an electron microscope [21] .
Serial paraffin and cryostat sections were immunostained by the avidin-biotin-complex (ABC) method [22] . Antibodies against insulin and glucagon or against B and T lymphocytes were used on paraffin sections and monoclonal antibodies against CD4 + and CD8 + lymphocytes (Serotec, Oxford, England), macrophages (reactive with Ki-M2R) and NK cells (kindly provided by Dr. F. Fändrich, Kiel, Germany) on cryostat sections [23] . Thin sections were immunostained by the immunogold technique using insulin antibody and gold labelled anti-rabbit IgG.
Apoptotic cells in paraffin sections were stained by terminal deoxynucleotidyl transferase (TdT)-mediated end labelling of nicked DNA ends by dUTP-biotin (TUNEL method) using the In Situ Cell Death Detection Kit (Roche Diagnostics, Mannheim, Germany). Positively stained nuclei were expressed as a percentage of the total number of nuclei from all islet cells. The extension of the islets was identified by immunocytochemical staining of the islet cells in sequential sections with insulin and glucagon antibodies. Ultrastructurally apoptotic cells were identified with the electron microscope EM 9 (Zeiss, Oberkochen, Germany).
Adoptive transfer of diabetes. Lymphocytes were collected from lymph nodes and spleen of diabetic LEW.1AR1-iddm rats and taken into culture (RPMI-1640 medium supplemented with 10 mmol/l HEPES, 2 mmol/l glutamine, 10 mmol/l mercaptoethanol and 5 % fetal calf serum; GIBCO Life Technologies, Gaithersburg, Md., USA) in the presence of 5 mg/ml Con A (Biochrom, Berlin, Germany) for 3 days at 37 C in a 5 % CO 2 atmosphere. Then 5 to 7´10 6 Con A-activated cells were injected before manifestation of the disease into the tail vein of non-diabetic LEW.1AR1-iddm or LEW.1AR1 non-diabetic control rats at the age of 29±35 days, which had been treated with Poly IC (Sigma, St. Louis, Mo., USA) (7.5 mg/g body weight intraperitoneally) for 5 consecutive days before this transfer [24] . Blood glucose concentrations were measured three times each week thereafter for three months.
Results
In early 1997 a new diabetic rat mutant (iddm) arose spontaneously in a defined inbred congenic rat colony (LEW.1AR1) [15] maintained at the Institute for Laboratory Animal Science of Hannover Medical School. Altogether 51 out of 260 rats in this colony developed diabetes, an incidence of 20 %. The incidence of diabetes in the group of the male diabetic rats was 18 % and 22 % in the female group. All data originate from this panel of diabetic rats born in 1997 and 1998. The mean blood glucose concentra-tion at the time when these diabetic rats were killed was 18.5 0.8 mmol/l (n = 51) compared with 5.8 0.2 mmol/l (n = 12) in a group of control rats. The mean age of the rats at diabetes manifestation (blood glucose concentration in the fed state > 7 mmol/l) was 58 2 days (n = 51), being identical in males and females. Diabetes was diagnosed between 6 and 12 weeks of age with the majority at 7±9 weeks (Fig. 1) . None of the rats developed diabetes after 12 weeks of age.
Clinically the disease was characterised by hyperglycaemia, glycosuria, ketonuria, and polyuria. The time course of the diabetic syndrome is shown in Figure 2 . On day one of diabetes manifestation, there was a steep increase in the blood glucose concentration from 6.0 0.2 mmol/l to 15.7 1.6 mmol/l, increasing to 20 mmol/l within the next two days (Fig. 2) . There was also a parallel, steep increase at day one of diabetes manifestation in the urine glucose concentration and the urine volume with maximal values achieved after three to five days (Fig. 2) . Polydipsia (not shown) increased in parallel with polyuria (Fig. 2) . Ketone bodies in the urine increased only after three days and reached a maximum on day 5 of diabetes manifestation (Fig. 2) . After one week of diabetes the mean body weight of the animals had decreased (p < 0.05) from 214 15 g to 180 16 g.
The plasma insulin concentration decreased in parallel with the increase of the blood glucose concentration as evident from a (p < 0.01) correlation between development of hyperglycaemia and hypoinsulinaemia (Fig. 3A) .
Autoantibodies to glutamate decarboxylase (GAD65), protein-tyrosine-phosphatase (IA2) (cytoplasmic domain) and to cytoplasmic islet cell antibodies (ICA) were not detected in the sera of diabetic (n = 18) or of control (n = 12) rats.
An analysis of the lymphocyte subsets in peripheral blood of the diabetic rats showed that the proportions of T lymphocytes including the RT6.1 subset as well as those of the B lymphocytes and the NK cells were not significantly different from those in the control group (Fig. 4) .
The pancreatic islets of diabetic rats showed clear signs of insulitis (Fig. 5 ). An additional immunocytochemical analysis identified the cells of the mononuclear infiltrate as B and T lymphocytes, macrophages and occasional NK cells, which surrounded and permeated all islets of the pancreas. Unaffected islets were not detected. Both CD4 + and CD8 + subsets were present.
Electron microscopy identified apoptotic cells as beta cells with the typical signs of margination and condensation of the nuclear chromatin, cell shrinkage and disintegration (Fig. 6A, B) . The beta cells undergoing apoptosis were often surrounded by macrophages (Fig. 6B) . The apoptotic beta cells contained insulin secretory granules as confirmed through immunogold staining (Fig. 6B, inset) . Signs of apoptosis were detected neither in other islet cell types nor in immune cells. Quantitative TUNEL analysis revealed a high number of apoptotic beta cells (Fig. 3B) .
In the pancreases of diabetic rats with very high blood glucose concentrations ( > 25 mmol/l) so-called (Fig. 3B) .
The pancreases of a group of control LEW.1AR1 rats matched for age and sex and with a non-diabetic genetic background (n = 12) as well as of older (120 days) non-diabetic rats from the LEW.1AR1-iddm strain (n = 12) were also examined microscopically. None of these rats showed signs of pancreatic islet infiltration. Other experiments confirmed that infiltration of pancreatic islets did not appear before rats were 50 days old.
In addition to the pancreas, we studied the liver, kidney, small intestine, spleen, thymus, thyroid gland, adrenal gland, and salivary gland. No morphological changes were observed and in particular, no signs of destructive inflammation, were detected in any of these tissues. In non-diabetic genetic background control LEW.1AR1 rats matched for age and sex (n = 12) as well as in older (120 days) non-diabetic rats from the LEW.1AR1-iddm strain (n = 12), all of which were free of pancreatic islet infiltrations, no other organs were found to be affected either.
Con A-activated lymphocytes and splenocytes from diabetic LEW.1AR1-iddm rats, which had been adoptively transferred to Poly IC-treated non-diabetic LEW.1AR1-iddm rats before manifestation of the disease at the age of 29 to 35 days, did not affect the mean age at diabetes manifestation (58 2 days) but increased the incidence of diabetes to 64 % (9/14 rats) ( Table 1) . Poly IC treatment alone did not induce diabetes in LEW.1AR1 non-diabetic control rats (0/10 animals) ( Table 1) . Transfer of immune cells from diabetic LEW.1AR1-iddm rats to Poly IC-treated non-diabetic control LEW.1AR1 rats caused diabetes in 1 in 10 rats (Table 1) . Another control experiment confirmed that Con A-activated cells isolated and cultured under identical conditions from healthy LEW.1AR1 control rats did not affect the incidence of diabetes (1/6 rats) in the LEW.1AR1-iddm rat colony.
Discussion
All rats that spontaneously developed Type I diabetes mellitus were descendants of a single progenitor pair from a congenic LEW.1AR1 rat strain with a defined MHC (r2: RT1.A a B/D u C u ) inheriting the disease. The diabetic phenotype is maintained in the inbred strain in a barrier sustained facility (no viral infection, in particular Kilham rat virus negative).
We successfully maintained this colony by breeding non-diabetic female rats with fertile diabetic male offspring which survived for about 4 weeks without insulin replacement after diabetes manifestation. In order to stabilise the colony, we recently started to use insulin-treated diabetic rats for breeding. Using this breeding method, the incidence was in the range of 30 % with a diabetic male partner and double that when both partners were diabetic.
We therefore considered the possibility of autosomal recessive mutation in this strain and, based on this assumption, we denominated background rats as wild type ( + / + ), diabetic rats as iddm/iddm and A B Fig. 3 A, B . Correlation between blood glucose concentration and A serum insulin concentration and B the percentage of apoptotic islet cells in the pancreatic islets in diabetic LEW.1AR1/Ztm-iddm rats (*) and control animals (*) Fig. 4 . FACS analysis of the lymphocyte subsets in peripheral blood of diabetic LEW.1AR1/Ztm-iddm rats (n = 26) compared with those of non-diabetic control rats (n = 22). Mean values SEM are given non-diabetic rats that produce diabetic offspring as + / iddm. In spite of our hypothesis of a single mutational event in this colony, we assume that the development of the diabetic syndrome in this strain is the result of a multifactorial trait. This could consist of genes in the LEW background as well as the MHC class II u haplotype. Verification will require a genome wide screening of an informative backcross population.
We refrained from assigning a number to this new Iddm mutation because we cannot differentiate at present from the various susceptibility loci in the rat described by two groups, Iddm3 (RNO18) and Iddm4 (RNO6) [25] , or Iddm4 (RNO4), Iddm5 (RNO13) and Iddm6 (RNO3) [26, 27] . As Iddm5 (RNO1) [25] has been defined as a locus conferring resistance to diabetes [25, 27] , the mutated locus in LEW.1AR1-iddm could be different. Moreover, lymphopenia, lyp or Iddm1 [28] , does not play any part in this new model, irrespective of the fact that the expression of the MHC class II haplotype u, designed as Iddm2, is an indispensable requirement for Type I diabetes development [24] .
Various genetic factors predisposing to Type I diabetes have been postulated in NOD mice as well as in BB and LETL rats [3, 5, 8, 29] . Development of the disease typically requires the expression of specific MHC class II haplotypes. As has been shown previously for the BB and LETL rat Type I diabetes models, the expression of the RT1 u haplotype predisposes to diabetes development in a semi-dominant manner [3, 29, 30] . This new Type I diabetic rat also expresses MHC class II u molecules, supporting the contention that this haplotype is crucial for the development of diabetes in rats [24, 31, 32] .
The diabetic syndrome in this new Type I diabetes rat model develops very rapidly with an early manifestation at about two months of age. Within one week nearly all beta cells ( > 90 %) are lost in the affected pancreas. The inability to detect islet cell autoantibodies in this Type I diabetic rat is consistent with the converse observation of high titres of islet cell autoantibodies including GAD in patients with a slow progression to overt diabetes [33, 34] . The rapid progression of diabetes allowed us to identify the pancreatic beta-cell death in infiltrated islets of this spontaneous diabetes model as apoptosis. Thus apoptotic beta-cell death can be easily studied in vivo in this model. Maximal rates of beta-cell apoptosis observed in the BB rat were lower [35] . In the mouse Type I diabetes model this is possible only after introgressing a beta-cell-specific T cell receptor gene into the NODscid background [36] .
The rapid development of the syndrome in this new Type I diabetes model does, however, make it Insulitis score: + + = moderate cellular infiltration; + + + = extensive cellular infiltration more difficult, compared with other models [37] , to monitor the development of the process of autoimmune destruction before clinical manifestation of the disease. In contrast to the diabetic BB rat [11, 12] , genetically determined constitutive lymphopenia with absence of the RT6.1 + T cell subset does not precede the manifestation of diabetes in this new model. Normal expression of the T lymphocyte differentiation B A Fig. 6 A, B . Pancreatic islet cells from a diabetic LEW.1AR1/ Ztm-iddm rat (blood glucose 10.0 mmol/l). Ultrastructurally beta cells show the typical signs of apoptosis with margination and condensation of the nuclear chromatin (arrows). A shows an apoptotic beta cell without infiltration. B shows two apoptotic beta cells surrounded by macrophages; other endocrine cells as shown by the marked a cell remain intact (arrowheads) ( 4500). Inset: insulin immunostaining of secretory granules in a beta cell undergoing apoptosis ( 32 000) antigen RT6.1 shows that disease development does not seem to be associated with a defect in T cell maturation.
Pronounced insulitis, with the presence of B and T lymphocytes, including both CD4 + and CD8 + subsets, as well as macrophages and NK cells surrounding and permeating all islets are characteristic of an autoimmune process, as shown by the morphological analysis. The autoimmune process leads to the development of Type I diabetes in this congenic LEW rat strain expressing class II MHC molecules of the RT1 u haplotype. Other islet cell types as well as other organs were not affected, showing that the autoimmune process is restricted to the pancreatic beta cell.
Con A is a polyclonal mitogen which activates all T cells. The fact that Con A-activated cells triple the incidence of diabetes in this LEW.1AR1-iddm rat colony shows that the disease can be transferred adoptively in this strain supporting the concept of a T cell-mediated autoimmunity.
In conclusion, this new Type I diabetes rat strain (LEW.1AR1/Ztm-iddm) develops a spontaneous insulin-dependent autoimmune diabetes as a result of apoptotic beta-cell death and so offers new perspectives for the clarification of the pathogenesis and genetics of Type I diabetes mellitus.
